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CanadaThe parasites of arctic foxes in the central Canadian Arctic have not been well described. Canada’s central
Arctic is undergoing dramatic environmental change, which is predicted to cause shifts in parasite and
wildlife species distributions, and trophic interactions, requiring that baselines be established to monitor
future alterations. This study used conventional, immunological, and molecular fecal analysis techniques
to survey the current gastrointestinal endoparasite fauna currently present in arctic foxes in central
Nunavut, Canada. Ninety-ﬁve arctic fox fecal samples were collected from the terrestrial Karrak Lake eco-
system within the Queen Maud Gulf Migratory Bird Sanctuary. Samples were examined by fecal ﬂotation
to detect helminths and protozoa, immunoﬂuorescent assay (IFA) to detect Cryptosporidium and Giardia,
and quantitative PCR with melt-curve analysis (qPCR-MCA) to detect coccidia. Positive qPCR-MCA
products were sequenced and analyzed phylogenetically. Arctic foxes from Karrak Lake were routinely
shedding eggs from Toxascaris leonina (63%). Taeniid (15%), Capillarid (1%), and hookworm eggs (2%),
Sarcocystis sp. sporocysts 3%), and Eimeria sp. (6%), and Cystoisospora sp. (5%) oocysts were present at a
lower prevalence on fecal ﬂotation. Cryptosporidium sp. (9%) and Giardia sp. (16%) were detected by
IFA. PCR analysis detected Sarcocystis (15%), Cystoisospora (5%), Eimeria sp., and either Neospora sp. or
Hammondia sp. (1%). Through molecular techniques and phylogenetic analysis, we identiﬁed two distinct
lineages of Sarcocystis sp. present in arctic foxes, which probably derived from cervid and avian interme-
diate hosts. Additionally, we detected previously undescribed genotypes of Cystoisospora. Our survey of
gastrointestinal endoparasites in arctic foxes from the central Canadian Arctic provides a unique record
against which future comparisons can be made.
 2013 Australian Society for Parasitology Published by Elsevier Ltd. Open access under CC BY-NC-ND license.Introduction
Arctic foxes (Vulpes lagopus) have a circumpolar distribution
and are common throughout the North American and Russian Arc-
tic. Few reports of parasites in North American arctic fox popula-
tions currently exist, although the parasite fauna of the
endangered Fennoscandian arctic fox has been well documented
in recent years (Meijer et al., 2011). As environmental change in
the Arctic biome continues to accelerate, parasite communities
are also expected to change (Kutz et al., 2009). Already, the Cana-
dian Arctic Tundra climate region has experienced an observed
warming trend of 2.1 C in annual temperature since observationsbegan in 1948 (Environment Canada Annual Regional Temperature
Departures, Climate Trends and Variation Bulletin 2011, http://
www.ec.gc.ca/adsc-cmda/default.asp?lang=en&n=B49D9F0B-1, ac-
cessed 14.12.12).
Potential shifts in the distribution and abundance of parasites
and hosts threaten our current understanding of trophic interac-
tions in the Arctic, including host–parasite relationship (Ims and
Fuglei, 2005). Parasites are also known to play a part in destabiliz-
ing some host populations (Anderson and May, 1978), and, when
combined with environmental change, parasitism could have an
additive negative effect on arctic fox populations. Also, red fox
(Vulpes vulpes) populations continue to expand northward, creat-
ing opportunity for interspeciﬁc competition and transmission of
parasites from southern canid populations (Hersteinsson and
McDonald, 1982).
Early parasitological studies of arctic foxes in North America
were primarily focused on detection of Echinococcus multilocularis,
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where in the circumpolar North. These studies led to the detection
of Toxascaris leonina, Taenia crassiceps, E. multilocularis, and coccidia
resembling Eimeria sp. (Rausch, 1956; Choquette et al., 1962; Eaton
and Secord, 1979). Otherwise, little is known about the prevalence,
distribution, and diversity of arctic fox parasites in the Canadian
Arctic.
Fecal-based studies are non-invasive and logistically feasible in
remote environments. Results from fecal studies are increasingly
meaningful as molecular tools improve to distinguish between
morphologically similar parasite species and to answer questions
about the genotypes or subspecies present. In a Northern context,
molecular parasitology provides information about the zoonotic
potential of parasites in wildlife and the environment. For example,
molecular diagnostic tools are used to identify zoonotic genotypes
or canid-speciﬁc genotypes of Giardia (Thompson et al., 2009) and
this knowledge can help northern residents develop safe food and
water guidelines.
The objective of this study was to survey and describe helminth
and protozoal parasites or endoparasite stages in feces of arctic
foxes at Karrak Lake, Nunavut, Canada. Although trophic interac-
tions in this ecosystem are well described (Samelius et al., 2007),
this study provides the ﬁrst regional record of arctic fox endopar-
asites in the central Arctic of North America based on conventional,
immunological, and molecular analysis of parasites present in
feces. Additionally, we used a real-time quantitative PCR with
melt-curve analysis method to detect and distinguish different
genera and species of coccidians (qPCR-MCA; Lalonde and
Gajadhar, 2011). The results of this study serve as baseline
information against which we can evaluate changes in parasite dis-
tribution and prevalence from predicted environmental change,
and to better understand the wildlife and human health signiﬁ-
cance of parasites in terrestrial Arctic ecosystems.Materials and methods
Study area
The ﬁeldwork was conducted within the nesting colony of Les-
ser Snow Geese and Ross’s Geese surrounding Karrak Lake, Nun-
avut (67140N, 100150W) in the Queen Maud Gulf Migratory Bird
Sanctuary in the central Canadian Arctic. The nearest human com-
munity is approximately 300 km and the site is only accessible by
small aircraft. Karrak Lake is in the Arctic Tundra climate region,
which in 2012 and 2011 experienced the 2nd and 3rd warmest
summers, respectively, on record since 1948. During this period,
temperatures were 2.3 C (2012) and 2.1 C above average (Ranked
summer regional temperatures table, http://www.ec.gc.ca/adsc-
cmda/default.asp?lang=En&n=30EDCA67-1, accessed 14.12.12).
The Karrak Lake ecosystem supports high arctic fox abundance
and breeding density that is about 2–4 times higher than outside
the goose colony (Samelius et al., 2011). Reproductive output of
arctic foxes is highly correlated with small mammal abundance
(Samelius et al., 2011). Grey wolves (Canis lupus), wolverines (Gulo
gulo), and grizzly bears (Ursus arctos) are sporadic but common at
Karrak Lake, while red foxes are very infrequent visitors to the area
with only one sighting in 12 years of ongoing arctic fox study
(Samelius, unpublished data). The light goose colony at Karrak Lake
is one of the largest in the Arctic, spanning over 200 sq.km of con-
tiguous nesting habitat in 2012 (Alisauskas et al., 2012), when
more than 750,000 Ross’s and 450,000 Lesser Snow Geese were
estimated to have nested there (Alisauskas et al., 2012).
Small mammal abundance at Karrak Lake ﬂuctuates consider-
ably among years (Samelius et al., 2007, 2011) with collared
(Dicrostonyx groenlandicus) and brown lemming (Lemmus sibiricus)abundance at a record-high of 5.7 lemming-captures per 100 trap-
nights in 2011 followed by a low of 0 lemming captures per 100
trap-nights in 2012 (Alisauskas, unpublished data). Red-backed
vole (Clethrionomys rutilus) numbers, in contrast, were similar
among years with 0.7 and 0.5 red-backed voles captures per 100
trap-nights in 2011 and 2012, respectively (Alisauskas, unpub-
lished data).
The landscape within the Karrak Lake ecosystem is rolling tun-
dra, characterized by rocky outcrops and surrounding areas of low-
land wetlands, sedge meadows and shallow ponds (Ryder, 1972;
Didiuk and Ferguson, 2005; Alisauskas et al., 2006). Arctic foxes
at Karrak Lake are known to prey on or scavenge ptarmigan, geese,
bird eggs, lemmings, caribou, muskoxen, and arctic hare (Bantle
and Alisauskas, 1998; Samelius et al., 2007).
Sample collection
During mid-May to mid-June in 2011 and 2012, 95 fecal sam-
ples were collected from snow cover surrounding known arctic
fox den sites distributed throughout the Karrak Lake goose colony
(Fig. 1). Feces were also recovered from arctic foxes captured dur-
ing an ongoing population dynamics study, either from the trap or
the ground after the fox was released. For each fecal sample, the
location and date of collection were recorded. Samples were col-
lected in an even distribution among sites and no sites were pref-
erentially sampled over another, as all were visited approximately
the same number of times during the study period. Fecal samples
were stored in individual plastic bags at approximately 1–6 C un-
til shipment to the University of Saskatchewan. In the laboratory,
fecal samples were held at 80 C for 7 days to kill ova of Echino-
coccus sp., then at 20 C for 1–3 weeks until analysis and perma-
nently thereafter. The fecal samples in this study were from at least
30 individual foxes, based on capture data from these 2 years
(Alisauskas and Samelius, unpublished data). However this is likely
a low estimate due to the presence of unsampled transient foxes
passing through the sampling area, and resident foxes that were
not captured during this study. An additional limitation to scat col-
lection from the environment is that host age remains unknown,
but the age of an animal can inﬂuence the parasite fauna present.
Because most of the samples were collected from the most recent
snow cover, the youngest animals would have been around
11 months old when the feces were deposited.
Fecal ﬂotation
A modiﬁed double centrifugation Sheather’s sucrose ﬂotation
technique was performed on a known quantity (1–3 g) of feces
from each sample. All ascarid eggs, observed by light microscopy,
were counted and the number per gram of feces recorded. Other
parasite eggs were not quantiﬁed on fecal ﬂotation. Parasite iden-
tiﬁcations were based on morphology and morphometrics (Foreyt,
2001).
Immunoﬂuorescent assay (IFA)
To concentrate the ova, cysts, and oocysts in the feces in prep-
aration for the immunoﬂuorescent assay and molecular analysis, a
known quantity (0.5–3 g) of feces from each sample was mixed
with 10 mL phosphate-buffered 0.9% saline (PBS). This liquid was
ﬁltered through two layers of cheesecloth into a 15 mL centrifuge
tube and centrifuged for 10 min. The resulting fecal pellet was
resuspended in 6 mL PBS and then centrifuged as above (Siefker
et al., 2002). Finally, the washed fecal pellet was resuspended in
1 mL PBS and the fecal suspension was refrigerated at 4 C until
further analysis.
Fig. 1. Karrak Lake goose colony within the Queen Maud Gulf Bird Sanctuary, Nunavut. Inset map: sample collection sites within the goose colony.
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counted in 15 ll of fecal suspension prepared with a commercially
available test kit speciﬁc for these protozoans (Cyst-a-glo; Water-
borne Inc.) according to manufacturer instructions. The following
formula was used to estimate the number of oocysts or cysts in
each gram of feces: (1000  number cysts/cysts counted)/# lL on
IFA slide/grams feces used.
Molecular techniques
Genomic DNA was extracted from 300 lL of fecal suspension
(Da Silva et al., 1999) using the Fast-DNA kit (MP Biomedicals) with
Lysis Matrix E beads (MP Biomedicals), followed by the PCR Puriﬁ-
cation kit (Qiagen). Coccidian species in each fecal sample were de-
tected using a universal coccidia primer cocktail designed to
amplify a 315-bp region of 18S rDNA in a real-time quantitative
PCR assay and differentiated using melt-curve analysis (Lalonde
and Gajadhar, 2011). The PCR product melting temperature (Tm)
is based on the nucleotide sequence composition, length, and
G–C content, so genetically distinct members of the same genus
or species can be differentiated by the melt curve shape and Tm
and identiﬁed by comparison to in-run controls and/or sequencing
(Lalonde and Gajadhar, 2011). All qPCR analyses were performed
using the CFX96 Real-Time PCR detection system (Bio-Rad
Laboratories) as described previously (Lalonde and Gajadhar,
2011) except 1X Evagreen Supermix (Bio-Rad Laboratories) was
used in the ﬁnal reaction mix. Each PCR reaction plate included
two negative control wells (water), a standard curve consisting of
plasmid DNA from Eimeria bovis (105–101 oocysts), and wells con-
taining DNA from Toxoplasma gondii (genomic, ATCC, Virginia,
USA), Cystoisospora sp. (plasmid, in house), Neospora caninum
(genomic, ATCC, Virginia, USA), Sarcocystis cruzi (genomic, in
house), and E. bovis (plasmid, in house) as positive controls.
Melt curves from positive samples were visually compared to
the controls for preliminary identiﬁcation, and ampliﬁed DNA from
positive reactions were sequenced by Macrogen (Seoul, South Kor-ea) for conﬁrmation using original primers. Forward and reverse
sequences were assembled with PreGap4 and Gap4 (Staden Pack-
age) and consensus sequences were compared with reference se-
quences in GenBank™ using the nucleotide Basic Local Alignment
Search Tool (BLASTN). Multiple alignments of reference and sam-
ple sequences were performed with CLUSTAL X. Neighbor-joining
phylogenetic trees and branch reliability bootstrap values (100
iterations) were constructed with the program PHYLIP 3.69
(Chaban and Hill, 2012).
Results
We detected eight morphologically different types of gastroin-
testinal endoparasites by fecal ﬂotation in 95 fecal samples from
arctic foxes in this study. Eggs of T. leonina were most common
(63% prevalence), with a median shedding intensity of 33 (range
1–800) eggs per gram of feces. Taeniid, anoplocephalid, capillarid,
and hookworm eggs and Sarcocystis sp., Eimeria sp., and Cystoisos-
pora-like oocysts were observed in a lower proportion of samples
(Table 1) and shedding intensity, but quantitative data from fecal
ﬂotation were only recorded for T. leonina. On immunoﬂuorescent
antibody assay, Giardia and Cryptosporidium were detected in 16%
and 8% of fecal samples, respectively (Table 1). The median shed-
ding intensity of Giardia was 162 (range 2–12,080) cysts per gram
feces, while the median shedding intensity of Cryptosporidium was
77 (range 18–146) oocysts per gram feces.
The qPCR-MCA analysis, subsequent sequencing, and phyloge-
netic analysis conﬁrmed at least two distinct species of Sarcocystis
(in 16/95 samples), two species of Cystoisospora (5/95), at least two
species of Eimeria (8/95), and one sample with either Hammondia
sp. or Neospora sp. (1/95). Test agreement between PCR and fecal
ﬂotation was low (0–25%) for these coccidians (Table 1). When un-
known samples were visualized together, distinct melt peaks for
different types of coccidia were clear (Fig. 2). Additionally, individ-
ual melt curves were visualized against the positive control for
each parasite (Fig. 3), highlighting similarities and differences
Table 1
Proportion of samples with parasites found in arctic fox feces and the frequency of agreement between detection methods.
Parasite Overall proportiona
(n = 95)
Proportion detected by
ﬂotation
Proportion detected by qPCR-
MCA
Proportion detected by
IFA
Test
agreementb
Toxascaris leonina 60 (63%) 60 (63%) – – –
Taeniid 14 (15%) 14 (15%) – – –
Anoplocephalid 20 (21%) 20 (21%) – – –
Capillarid 1 (1%) 1 (1%) – – –
Hookworm 2 (2%) 2 (2%) – – –
Sarcocystis sp. 16 (16%) 3 (3%) 14 (15%) – 1/16 (6.3%)
Cystoisospora sp. 8 (8%) 5 (5%) 5 (5%) – 2/8 (25%)
Eimeria sp. 14 (15%) 6 (6%) 9 (9%) – 1/14 (7.1%)
Neospora/Hammondia-
like
1 (1%) 0 1 (1%) – 0/1 (0.0%)
Cryptosporidium sp. 9 (9%) 0 0 9 (9%) 0
Giardia sp. 15 (16%) 0 – 15 (16%) –
a Overall prevalence reﬂects the total number of positive results for each parasite, all diagnostic tests combined.
b Test agreement represents the number of times the parasite was detected by both methods/the number of times the parasite was detected by either method.
Fig. 2. Melt curves for unknown samples. Each peak shows the melting temperature for a different coccidian species. Red: Sarcocystis (cervid), Blue: Neospora/Hammondia,
Orange: Sarcocystis (avian), Black: Cystoisospora, Green: Eimeria sp., Pink: Eimeria sp. The horizontal axis indicates melting temperature (C) and the vertical axis [d(RFU)/dT]
is related to the amount of DNA present.
Fig. 3. Phylogenetic tree showing relationship of Sarcocystis spp. detected in this study with existing reference sequence data in Genbank.
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Fig. 4. Phylogenetic tree showing relationship of Cystoisospora spp. detected in this
study with existing reference sequence data in Genbank.
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sis of nucleotide sequences showed at least two different lineages
of Sarcocystis. One grouping included species of Sarcocystis that use
cervid intermediate hosts (Lineage 2; Fig. 3; Dahlgren et al., 2007)
and the other with species of Sarcocystis that use avian intermedi-
ate hosts (Lineage 1; Fig. 3; Kutkiené et al., 2012). Samples that
grouped in Lineage 1 (Fig. 3) were 99–100% similar to Sarcocystis
albifronsi (GenBank Accession no: EU502868) and Sarcocystis anasi
(GenBank Accession no: EU553477), The second Sarcocystis lineage
(Lineage 2; Fig. 4) were only 77–78% similar to S. anasi and
S. albifronsi at the target region but 91–93% similar to Sarcocystis
capreolicanis and 100% similar to Sarcocystis tarandivulpes. When
melt curves of a representative sample from each lineage of
Sarcocystis were compared, there were two distinct curves, one
that was similar to the S. cruzi positive control (Lineage 2;
Tm = 82.0 C) and one that was unique (Lineage 1; Tm = 83.4 C).
Likewise, there were two separate melt curves for Eimeria sp.,
which differed from the E. bovis control, suggesting that at least
two different species of Eimeria were present. Sequences from
Cystoisospora-like oocysts in the current study were 96% (GenBank
Accession nos: KC262748 and KC262749) or 98% (GenBank
Accession nos: KC262746 and KC262747) similar to Cystoisospora
ohioensis (GenBank Acession no: GU292305) at the target region
of the 18S gene (Fig. 4). A multiple sequence alignment of the tar-
get locus showed that the reference sequences for Hammondia spp.
(GenBank Accession: GQ984222) and N. caninum (GQ899206;
U16159) were indistinguishable from each other and the unknown
sample from the arctic fox was 99% similar to the reference
sequences.
Discussion
These results show that arctic foxes in the Karrak Lake ecosys-
tem host a number of potentially undescribed coccidian genotypes
or species and are routinely infectedwith parasites common towild
canids. As in other studies of arctic foxes, T. leonina was the most
abundant helminth, and in general is the most prevalent ascarid
nematode in Arctic carnivores (Eaton and Secord, 1979; Kapel and
Nansen, 1996; Aguirre et al., 2000; Meijer et al., 2011; Rausch and
Fay, 2011). Notably absent were Toxocara canis ascarids, which
are common in canids in temperate regions but have not been de-tected above the Arctic Circle in North America, likely due to the
low freeze-tolerance of the parasite ova (O’Lorcain, 1995; Jenkins
et al., 2011). The hookworm eggs observed by fecal ﬂotation were
signiﬁcantly collapsed due to freezing at 80 C. These were most
likely Uncinaria sp., which has been reported occasionally in arctic
foxes in Europe (Aguirre et al., 2000; Meijer et al., 2011), on St. Law-
rence Island, Alaska, USA, (Rausch et al., 1990), and in domestic
dogs from the Northwest Territories, Canada (Salb et al., 2008).
The eggs of Ancylostoma caninum have similar morphology, but this
parasite has not been reported in arctic canids. The two samples
containing hookworm eggs were collected from the snow cover
early in the sampling period when there was little chance of the
presence of free-living nematode eggs in the soil.
We did not detect any trematodes and acanthocephalans; how-
ever, these would not necessarily have been detected with our
methods. Sedimentation is a more reliable assay than ﬂotation for
detection of these species and we did not have sufﬁcient sample
quantity for both tests. Nevertheless, the absence of these parasites,
which are commonly associated with marine environments, is con-
sistent with the non-marine diet of arctic foxes at Karrak Lake, con-
sisting mostly of birds and small mammals (Samelius et al., 2007;
Meijer et al., 2011). Arctic fox in coastal regions of Greenland have
a more diverse diet and parasite fauna including trematodes
(Echinoparyphium sp., Plagiorchis elegans, Cryptocotyle concavum),
cestodes (Diphyllobothrium dendriticum, Mesocestoides lineatus),
the nematode Strongyloides stercoralis and the acanthocephalan
Polymorphus sp. (Rausch et al., 1983; Kapel and Nansen, 1996).
Taeniid eggs were present in 15% of samples at low intensity on
fecal ﬂotation. However, eggs might not have been detected in
either early infections due to the prepatent period or late infections
in which eggs are no longer being shed (Kapel et al., 2006). On
Banks Island, Northwest Territories, Canada, Eaton and Secord
(1979) recovered adult T. crassiceps (78%) and E. multilocularis
(2%) from the intestinal tracts of arctic foxes. Further molecular
characterization to determine if the eggs in the current study were
E. multilocularis or T. crassicepswas not successful; however E. mul-
tilocularis has been detected at low prevalence in the Karrak Lake
fox population (Gesy, 2013).
We detected protozoa by fecal ﬂotation, immunological, and
molecular methods. The qPCR-MCA assay was especially useful in
detecting protozoan species that produce small oocysts and spo-
rocysts, which might have been missed on ﬂotation. One exception
was Cryptosporidium sp., which was detected by IFA, but not by
qPCR-MCA. Alternatively, the assay might be detecting parasite
DNA from prey tissue being passed through the fox in feces, and
not parasite DNA that the fox is shedding as a deﬁnitive host.
The ability of the qPCR-MCA to reliably detect multiple coccidia
species in one sample is unknown, although the technique success-
fully demonstrated the ampliﬁcation of multiple DNA types in val-
idation experiments (Lalonde and Gajadhar, 2011). This might be
explained by inefﬁcient DNA extraction of oocysts, or the more
pronounced DNA ampliﬁcation of one parasite species over an-
other, in which the assay was more likely to amplify the DNA of
greater quantity. Although no samples with multiple melting peaks
were detected by qPCR-MCA in this study, it is important to be able
to differentiate one organism with multiple peaks (for example,
Cryptosporidium sp. and Cyclospora sp.) with multiple peaks result-
ing from the presence of DNA frommore than one coccidia species.
This highlights the importance of including appropriate positive
control DNA, against which melting temperatures can be com-
pared. Sequencing of ampliﬁed DNA and cloning can also be impor-
tant follow-up procedures to correctly identify ambiguous results.
Melt-curve analysis combined with phylogenetic analysis of
sequences led to detection of multiple species of Sarcocystis,
Cystoisospora, and Eimeria present in feces of arctic foxes. These
results support at least two separate lineages of Sarcocystis.
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albifronsi (GenBank Accession no: EU502868) and S. anasi
(GenBank Accession no: EU553477), which Kutkiené et al. (2012)
isolated from tissue of greater white-fronted geese (Anser albifrons)
and mallard ducks (Anas platyrhynchos), respectively. Samples in
Lineage 2; were related to Sarcocystis spp. previously detected in
cervids (Dahlgren et al., 2007). Arctic foxes are deﬁnitive hosts
for both S. albifronsi and Sarcocystis capreolicanis (Gjerde, 2012;
Kutkiené et al., 2012), and at Karrak Lake, foxes feed on both geese
and cervids (Samelius et al., 2007).
Oocysts morphologically consistent with C. ohioensis were de-
tected in 8%of samples. C. ohioensis oocysts are alsomorphologically
similar to other canid coccidia, including Cystoisospora burrowsi and
Cystoisospora neorivolta, and molecular diagnostic tools are neces-
sary for speciesdetermination (Samarasingheet al., 2008).Cystoisos-
pora spp. detected by qPCR-MCA (Fig. 3a) could be an undescribed
parasite infecting the fox, or could also be a dietary artifact from
an incompletely digested prey item, such as a rodent. Additional
molecular work is needed to further identify the Cystoisospora pres-
ent in arctic foxes and their prey species. Infection with Cystoisos-
pora spp. can cause diarrhea, anorexia, and weight loss in young
and immunocompromised canids (Mitchell et al., 2007), which
might impact fox health and survival when combined with other
pathogen infections or environmental stressors.
DNA from either N. caninum or Hammondia spp. was detected in
one sample in the current study. NeitherN. caninumnorHammondia
spp. oocysts have been reported in North American arctic foxes, but
N. caninum antibodies have been detected in a fox from Karrak Lake
(Elmore, unpublished data). Other species of foxes can become in-
fected with N. caninum and are probable deﬁnitive hosts (Hurková
and Modry, 2006; Wapenaar et al., 2006); multiple fox species are
known deﬁnitive hosts for Hammondia spp. (Gjerde and Dahlgren,
2011). The melting temperature of the positive sample matched
the N. caninum positive control, however we did not have
Hammondia sp. positive control for comparison, so diagnosis could
not be made based on qPCR-MCA. To distinguish the two species,
Hammondia and Neospora-speciﬁc PCR assays targeting different
loci would be necessary. Because the identiﬁcation was made by
qPCR-MCA and oocysts were not observed, it is possible that the
Neospora/Hammondia DNA could be from the passage of ingested
prey containing the parasite, and not from parasite shedding by
the fox.
Giardia sp. and Cryptosporidium sp. were present in arctic foxes
from Karrak Lake, a novel description for this host species and re-
gion. Zoonotic genotypes of Giardia appear to be established in arc-
tic wildlife, while Cryptosporidium is thought to be uncommon, or
at least not commonly detected, at Arctic latitudes (Jenkins et al.,
2013). Kutz et al. (2009) detected Giardia duodenalis Assemblage
A in muskoxen from Banks Island, Northwest Territories, Canada,
while Olson et al. (1997), reported the presence of Giardia cysts
in ringed seals (Phoca hispida) from Holman, Northwest Territories,
Canada. The few reports of Cryptosporidium in northern canids are
limited to domestic dogs from British Columbia and Saskatchewan
(Himsworth et al., 2010; Bryan et al., 2011; Schurer et al., 2012),
but Siefker et al. (2002) detected a novel genotype of
Cryptosporidium in Alaskan caribou and Dixon et al. (2008) found
the parasite in the intestinal contents of ringed seals. The results
of the current study suggest that IFA remains a highly sensitive
and speciﬁc method of detection of these protozoan parasites com-
pared to fecal ﬂotation. There was no test agreement between IFA
and qPCR-MCA for detection of Cryptosporidium oocysts. This could
have been due to the low oocyst concentration, the small amount
of sample used for the qPCR-MCA as compared to the IFA, or inef-
ﬁcient DNA extraction from the robust oocysts.
Agreement between the three tests used, fecal ﬂotation, IFA,
and qPCR-MCA, was low, but the combination of tests increasedcoccidia detection. The presence of PCR inhibitors, low oocyst
counts, and inefﬁcient DNA isolation technique are potential rea-
sons for the failure of qPCR-MCA to detect fecal ﬂotation positive
samples. Conversely, a low oocyst quantity and loss of structural
integrity after freeze/thaw cycles might lead to a positive PCR re-
sult and lack of detection on fecal ﬂotation. PCR also offers the po-
tential to capture free DNA in feces after parasite egg rupture.
Parasites that are not known to infect canids (Eimeria spp.,
Anoplocephalidae-like) were detected in fox feces in the current
study. This reﬂects the limitations of fecal surveys in wild carni-
vore hosts and the need to interpret results with a broad under-
standing of parasite life cycles and trophic interactions. It is
possible that these oocysts and eggs were present in rodent or bird
prey and passed through the fox gastrointestinal tract with other
undigested prey tissue (Chu et al., 2004; Stronen et al., 2011). This
is supported by the qPCR-MCA and subsequent phylogenetic anal-
ysis, which demonstrated that the Eimeria spp. present in arctic fox
feces were most closely related to species such as E. myoxi that in-
fect rodents. Gastrointestinal scraping or histopathology would be
necessary to determine if the Eimeria spp. were truly parasitizing
the foxes. Skirnisson et al. (1993) detected either Eimeria sp. or
Isospora sp. in the microvilli of the small intestine of arctic foxes.
The anoplocephalid-like tapeworm eggs, morphologically dis-
tinct from eggs from tapeworms such as Mesocestoides sp. and tae-
niids, for which foxes are known deﬁnitive hosts, were most likely
artifacts in rodent prey species. Lemmings (Dicrostonyx and
Lemmus spp.) host multiple species of Paranoplocephala
(Haukisalmi et al., 2001, 2006), Anoplocephaloides spp., and
Hymenolepis spp. (Hymenolepididae; Haukisalmi and Henttonen,
2001). Molecular techniques, in addition to parasitological studies
of rodent carcasses, are needed to further characterize these
tapeworm eggs in foxes from Karrak Lake.
This study broadened our understanding of parasite communi-
ties of arctic foxes from the central Canadian Arctic and serves as a
record for comparison to future parasite work in this rapidly
changing region. A more complete parasitological study of arctic
foxes at Karrak Lake would require gastrointestinal tracts from
trapped or euthanized animals, which is logistically challenging
in this remote environment. Overall, the qPCR-MCA assay using a
universal primer set that targets multiple coccidia species was a
useful surveillance method that improved prevalence estimates
and also allowed for DNA sequence analysis to determine identity
and relationships of coccidian parasites. Combining traditional fe-
cal ﬂotation techniques with immunological and molecular assays
offers more powerful methods to characterize the parasite fauna of
remote and endangered wildlife species in non-invasive, fecal-
based surveys, and also offer insights into trophic relationships of
wild carnivores and their prey species.
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